The complex volcanic system of Tenerife Island is known to have a highly heterogeneous character, as recently confirmed by velocity tomography. We present new information derived from intrinsic quality factor inverse maps (Q i −1 ), scattering quality factor inverse maps (Q s −1 ) and total quality factor inverse maps (Q t −1 ) obtained for the same region. The data set used in this work is the result of the analysis of an active seismic experiment carried out, using offshore shots (air guns) recorded at over 85 onshore seismic stations. The estimates of the attenuation parameters are based on the assumption that the seismogram energy envelopes are determined by seismic energy diffusion processes occurring inside the island. Diffusion model parameters, proportional to Q i −1 and to Q s −1 , are estimated from the inversion of the energy envelopes for any source-receiver couple. They are then weighted with a new graphical approach based on a Gaussian space probability function, which allowed us to create '2-D probabilistic maps' representing the space distribution of the attenuation parameters. The 2-D images obtained reveal the existence of a zone in the centre of the island characterized by the lowest attenuation effects. This effect is interpreted as highly rigid and cooled rocks. This low-attenuation region is bordered by zones of high attenuation, associated with the recent historical volcanic activity. We calculate the transport mean free path obtaining a value of around 4 km for the frequency range 6-12 Hz. This result is two orders of magnitude smaller than values calculated for the crust of the Earth. An absorption length between 10 and 14 km is associated with the average intrinsic attenuation parameter. These values, while small in the context of tectonic regions, are greater than those obtained in volcanic regions such as Vesuvius or Merapi. Such differences may be explained by the magnitude of the region of study, over three times larger than the aforementioned study areas. This also implies deeper sampling of the crust, which is evidenced by a change in the values of seismic attenuation. One important observation is that scattering attenuation dominates over the intrinsic effects, Q i being at least twice the value of Q s .
Seismic attenuation on Tenerife Island
Unzen volcano (e.g. Shimizu et al. 1997) or Usu volcano (Onizawa et al. 2007) ; in Italy involving the Vesuvius volcano (Gasparini et al. 1998; Zollo et al. 1998) ; the Deception volcano in Antarctica (Ben-zvi et al. 2009; Zandomeneghi et al. 2009 ); Montserrat Island (Shalev et al. 2010; Voight et al. 2010) ; or more recently Tenerife Island (Ibáñez et al. 2008; De Barros et al. 2012; García-Yeguas et al. 2012) . All of the above experiments produced velocity images through traveltime inversion, though only a few complemented this structural information with a study of seismic attenuation. In the case of the Merapi volcano (Wegler & Lühr 2001) , or Vesuvius (Wegler 2003 (Wegler , 2004 Del Pezzo et al. 2006; De Siena et al. 2009 ), attenuation parameters supported the interpretation of velocity tomography images. They add information about the nature of the rocks beneath volcanoes or help understand how much the complex waveforms of volcanic earthquakes are modified by path effects (Wegler 2003) .
Velocity tomography images show that volcanoes are zones with high heterogeneities, identified as faults, crack dykes and magma reservoirs. Heterogeneities produce a phenomenon called scattering, which reduces the energy flux of the primary waves (scattering attenuation). The energy lost by the primary waves is recovered in the coda, in the form of secondary phases arriving at the receiver later. Thus, two mechanisms of seismic wave attenuation exist: intrinsic dissipation, transforming elastic energy into heat; and scattering attenuation, causing primary waves to transform part of their energy into coda waves. Quantification of both effects is crucial for an understanding of attenuation mechanisms; the calculation separately of intrinsic and scattering attenuation images improves the general interpretation of the structure of volcanic regions. Separation of both parameters is not always possible, while total attenuation (the sum of scattering and intrinsic) images are easier to obtain. Total attenuation has been studied in many volcanoes as Etna (Martinez-Arevalo et al. 2005) , Vesuvius De Siena et al. 2009 ) and Campi Flegrei (Tramelli et al. 2006) .
A number of techniques can be used to separately estimate the contribution of scattering and intrinsic attenuation in a volcanic region and derive regional values. The so-called 'Multiple Lapse Time Window Analysis-MLTWA' (Hoshiba 1991 ) is a widely used method based on the multiple scattering approach (e.g. Sato et al. 2012 , chapter 7 and references therein). Yet a stable estimate of the separate intrinsic and scattering attenuation coefficients cannot be achieved for single paths by means of MLTWA for regional maps. Authors Wegler & Lühr (2001) , and Wegler (2003 Wegler ( , 2004 found that the transport mean free path in volcano environments is at least three times smaller than found in other regions of the Earth. This observation implies that scattering effects predominate over the intrinsic attenuation. Hence, the diffusion approximation of the elastic transport equation is appropriate for the study of volcanoes (see also Del Pezzo 2008). The next step was the introduction of additional realistic boundary conditions for volcanic environments (Wegler 2005; Wegler et al. 2006; Parsiegla & Wegler 2008 ) that improves its solution.
In this study, the diffusion approximation of the transport equation was used to fit the energy envelope of seismograms in order to estimate separately the effect of scattering and seismic attenuation at Tenerife Island (Canary Islands). This methodology, described by Wegler & Lühr (2001) and Wegler (2003) in other volcanoes, was applied to a database generated by an active experiment performed on the island in 2007 (Ibáñez et al. 2008) . Two parameters (proportional to intrinsic-and scattering-attenuation coefficients) were estimated for any single seismogram envelope in the diffusion approximation. Additionally, we introduce a new means of arriving at an image of the space distribution of these values, through the introduction of a weighting function of the space of coordinates based on a Gaussian form. The results are in good agreement with those obtained by traveltime tomography and clearly identify regions characterized by a high contrast of intrinsic and scattering attenuation, interpreted in terms of structural and volcanological characteristics of the island.
G E O L O G I C A L A N D G E O P H Y S I C A L S E T T I N G S
Tenerife is the largest island of the Canary Islands archipelago, with a surface of around 2040 km 2 , characterized by an ancient caldera complex named the Las Cañadas-Pico Viejo-Teide system (LCC). The LCC system is more than 20 km wide and comprises two large stratovolcanoes, Teide and Pico Viejo. The Pico Teide volcano, with an elevation of 3718 m above sea level (a.s.l) is the highest point on the island. Tenerife Island has a rough relief formed by different eruptions, the most recent being that of the Chinyero volcano in 1909 (Fig. 1a) . Two kinds of erupting styles can be discerned on the island: (1) effusive fissure eruptions with emission of basaltic lava flows, generally along the external ridges of LCC; and (2) explosive eruptions, mainly in the LCC (Martí et al. 1994) . During the past 300 yr, six effusive eruptions have been reported. The historical eruptions over the last 500 yr of Canary Islands (Romero 1991 (Romero , 1992 include the SieteFuentes-Fasnia-Arafo eruption of 1704-1705 and the eruption of Garachico in 1706. All recent eruptions involve external zones of the island.
Blanco- Montenegro et al. (2011) offer a complete review of the volcanic evolution of the island, describing the geology and volcanology of the main edifice, the LCC, and presenting 3-D magnetic models of Tenerife based on high-resolution aeromagnetic data. These authors report that a large intrusive complex points to a high dyke density below the North flank of Teide-Pico Viejo. Recently, García-Yeguas et al. (2012) used 3-D high-resolution velocity tomography to characterize LCC as a high-velocity body extending from the surface to the maximum resolution depth (15 km). This result is compatible with tomographic images derived in stratovolcanoes such as Vesuvius (Scarpa et al. 2002) or Etna (Aloisi et al. 2002) . In this central area, Blanco-Montenegro et al. (2011) identified a small low-velocity region explained as a possible hydrothermal alteration. In contrast, García-Yeguas et al. (2012) found strong low-velocity anomalies in the outer regions of the island, surrounding the high-velocity central structure (Fig. 1b) . This result was interpreted, at surface, as the combination of highly fractured zones with hydrothermal alterations, and the possible presence of porous materials and thick volcanoclastic deposits. Since this region contains the most recent volcanic activity, the existence of low-velocity anomalies in depth was interpreted as the effect of molten materials associated with the magma intrusions responsible for volcanic activity in the past.
In short, both the above-mentioned studies present a complex structural distribution of Tenerife Island, with regions showing velocity and magnetic anomalies that can be associated with different volcanic processes. Tomographic images derived from the study of García-Yeguas et al. (2012) serve to compare our results with structural and volcanological characteristics of the island. 
DATA
In this work we analyse a data set from an active seismic experiment called TOM-TEIDEVS (Ibáñez et al. 2008) , carried out on Tenerife Island during 2007 January. Seismic signals generated by air gun shots fired in the sea were recorded on a dense seismic network on Tenerife Island. This data set was used in a 3-D velocity tomography study of the region (García-Yeguas 2010; García-Yeguas et al. 2012) .
The shots were performed by the Spanish Oceanographic research vessel 'Hésperides', using an array of six BOLT 1500LL type air guns configured in pairs. The air gun array had a length of 12 m with pairs of guns separated 2.5 m from each other, and a distance between pairs of 0.8 m. This gave a maximum power of 3520 cubic inches (57.7 l or 0.0577 m 3 ) for every shot. The air gun shots were recorded by 103 seismic sensors (Guralp CMG-6TD, Lennartz 1 Hz and GEOTECH 519) sampled continuously at a sampling rate of 200 sps. During the experiment, about 40 per cent of the seismic stations were moved, and shots were repeated at very similar locations, to achieve better spatial coverage of the island. Altogether, 137 seismic stations sites were used and 6850 air gun shots were performed. The quality of data is generally very good, with low noise at most of the seismometer locations. Identifiable P-wave arrivals are recognized in the 30-40 km range, and in some cases as far as 60 km. On the basis of previous data analysis ( García-Yeguas et al. 2012) we selected 85 seismic stations with the best signal-to-noise ratio from the initial set. Despite this reduction, the station space distribution still remains reasonably homogeneous, as can be seen in Fig. 2 . In Fig. 3(a) we present an example of two shots recorded at different distances (5 and 29 km) that demonstrate the quality of the data used. Given that the signal-to-noise ratio is high for both seismograms, the data quality can be considered well suited for this application. 
M E T H O D A N D DATA P RO C E S S I N G

Diffusion model
The seismogram energy envelope can be modelled by the so-called Radiative transfer equation (also called Transport model, TM: see e.g. Sato et al. 2012, chapter 7) . Useful approximations of TM are single scattering (SS) and diffusion (DF), respectively valid when the mean free path is much longer than (SS) or of the same order or lower than the source-receiver distance (DF). Wegler & Lühr (2001) demonstrated that when heterogeneity is extremely high, as in volcanic structures, DF is valid.
In DF, the seismogram energy envelope is expressed as a function of lapse time and source-receiver distance in terms of intrinsic and scattering attenuation coefficients. It is valid for a distance between source and receiver larger than the transport mean free path l tr :
The DF model can be easily linearized with respect to the two attenuation parameters, making it possible to separate the contribution of scattering and intrinsic attenuation effects through simple linear inversion (Wegler & Lühr 2001) of the experimental energy envelopes. DF is given by the following equation, describing the seismic energy density as a function of time and source-station distance (Dainty & Toksöz 1981) :
W(r, t) is the (theoretical) seismic energy density at location r and time t, E 0 is the energy from the source, p is a parameter associated with dimensions (3 for body waves and 2 for surface waves), d is the diffusivity coefficient and b is the coefficient for intrinsic attenuation. After multiplying eq. (2) by t p/2 and taking the logarithm, a linearized equation is obtained following Wegler & Lühr (2001) and Wegler (2003) :
where
The fit of the experimental energy envelope with relationship (3) yields the couple of b and d parameters, related directly with the Q i and Q s factors. Our data set is composed by explosions generated in the sea by air guns. Reasonably, the primary waves are mainly compressional and the seismic radiation pattern can be considered as uniform. Preliminary polarization analysis on part of the database used for this study indicated a random polarization pattern, compatible with the predominant presence of multiple scattered waves in a diffusive wavefield. On the basis of work by Aki (1992) and Yamamoto & Sato (2010) , we assume that the whole seismogram is composed by scattered (diffusive) S waves. These authors observed that the conversion of compressional to shear waves (P to S) is over three times greater than the conversion of compressional to compressional waves (P to P). The same assumption was used by Wegler & Lühr (2001) and Wegler (2003) , who used the envelopes of the entire seismogram recorded in a volcanic zone to estimate the attenuation parameters. This assumption is reinforced by the observation (De Barros et al. 2012 ) of additional, isolated coherent S-wave packets coming from 'strong' scattering sources that overlap the average seismogram envelope.
Inversion for the temporal distribution of energy
To fit experimental data to theoretical curves generated by the diffusion model, we used the methodology described in detail by Wegler & Lühr (2001) . The method is based on the search for diffusivity and intrinsic attenuation coefficients which best fit the theoretical Downloaded from https://academic.oup.com/gji/article-abstract/195/3/1942/626933 by guest on 03 January 2019 curve (eq. 4) to the experimental seismogram envelopes. The experimental envelopes are measured after filtering the seismograms in several adjacent frequency bands, allowing for the estimate of the frequency dependence of the attenuation parameters. The method can be summarized in the following steps:
First, we carried out spectral analysis of the seismograms to observe the frequency range where the seismic signals were recorded with a high signal-to-noise ratio (Fig. 3) . Accordingly, we chose three frequency bands with central frequencies of 6, 8 and 12 Hz, and fixed bandwidths.
The data analysis procedure was:
(1) P-wave onsets were obtained from the work of García-Yeguas et al. (2012) and the duration of the signal was measured in each seismogram by calculating the signal-to-noise ratio of the signals, setting the end in the time where this ratio reaches a value of 2.
(2) Signals were filtered using an eight-pole zero shift Butterword bandpass filter with central frequencies ( f c ) of 6, 8 and 12 Hz, and a bandwidth of f c ± 0.6 f c (Fig. 3) .
(3) The squares of the envelopes were calculated using the Hilbert transform with moving windows of a size of 70 samples (0.7 s) overlapped by 50 per cent.
(4) The squares of the envelopes are windowed between the P-wave arrival (t min ) and 20 s starting from the origin time (t max ). The value of t max corresponds to the maximum available data fulfilling the requirement of signal-to-noise ratio greater than 2 at t max .
(5) After multiplying the energy envelopes by t p/2 and taking the logarithm, the data are fitted to the corresponding theoretical quantity using linear regression, inverting for a 1 , a 2 and a 3 of eq. (4; Fig. 3 ). From these values, b and d are calculated using the following equation:
(6) Finally, Q i and Q s are calculated by:
where f is the frequency, p is the dimension (three in the analysis of body waves) and v is the velocity for S waves. On the basis of results derived from García-Yeguas et al. (2012) , we used a velocity (v) of 3.6 km s −1 . (7) Following Mayeda et al. (1992) and Akinci et al. (1995) , we used the F distribution at a 70 per cent level of confidence to estimate the uncertainty intervals in parameters a 2 and a 3 . The average uncertainty interval obtained was: a 2 = ±8 per cent and a 3 = ±6 per cent (Fig. 4) . (8) We calculated the uncertainty intervals for the inverse of quality factors by means of the error propagation theory:
and
(9) Finally, we calculated the value of Q Assuming the predominance of S waves, the transport mean free path l tr for S waves was l tr ≈ 4 km. The absorption length for intrinsic attenuation was found to be between 10 and 14 km, depending on the frequency that is at least one order of magnitude larger than the transport mean free path. This shows that the scattering is the predominant attenuation mechanism for the direct S waves.
New 2-D representation method
The main objective of this work is to map the individual Q i −1
and Q s −1 values (in 2-D) to study the spatial distribution of these attenuation values. The literature describes several options for this representation. According to one, the Q value can be assigned to the position of the seismic station, as Carcolé & Sato (2010) did in Japan. A more widely used method is to assign Q values to the central point between the station and the source (e.g. Pujades et al. 1990; Canas et al. 1995) . In both cases the (irregular) grid obtained is homogenized with standard space average procedures and eventually 2-D plotted in a map.
In this paper, we applied a novel representation technique, based on a new way of space averaging. Initially, we identified the zone surrounding the direct source-receiver path where the multiple scattering processes that produce the seismogram coda take place. This zone is bounded by the scattering half-ellipsoid (Fig. 5a ). This is a rotational ellipsoid with foci in the source and receiver, with a major axis e max , and minor axes e min , given by the following equations, where v is the average S wave velocity and t max is the maximum lapse time:
0.5 and (10)
Hence, we start from the assumption that the seismogram is generated by scattering phenomena in a zone around the sourcereceiver direct ray path. The probability that a scatterer contributing to the seismogram formation is located at the space coordinates {x, y} is represented by a Gaussian function, centred at the sourcereceiver midpoint, with 3σ = vt max (Figs 5b and c) .
In this scheme, the Earth's volume under study can be described by a continuous space function of b and d: Velocity, v, is assumed to be constant, and consequently the ray paths are line segments. For each source-receiver pair, the pair of values (b and d) estimated by the fit is weighted by the space probability function defined earlier.
We are consequently able to calculate the probability that each couple of values b and d characterize the point of a given coordinate couple. The sum of the probabilities for each couple of coordinates would give the best estimate of the 'true' parameter for each spatial point.
The 2-D distribution thus obtained is a surface projection of a 3-D distribution. The maximum extend of depth over which the averaging process is implicitly carried out can be estimated observing that, at a given lapse time, the scattering processes are all inside a revolution ellipsoid that is symmetrical around the major axis. The depth at which we obtain information depends on the size of the minor semi-axes; in our case, 12 km deep on the average. In the Appendix we describe the considerations used to justify the assumption that the probability function is Gaussian.
R E S U LT S
As mentioned in the previous section, the most used procedure to present the attenuation values in 2-D maps is to assign the different Q values to the middle point between source and receiver (hereafter 'midpoint maps'). This implies that the whole process of attenuation and scattering is concentrated directly in the epicentre-station path. Although we introduce a new method to obtain these 2-D maps, more realistic and better related to the scattering and propagation phenomena, we will first show the 'midpoint maps' for our values in order to compare the area under study with other zones investigated using the same approach, and highlight and discuss the advantages of our method.
Midpoint maps
In this section, we plot Q values assigning them to the position of the geometric midpoint between epicentre and station. Maps are obtained using a classical kriging (Cressie 1991) approach to produce different contour maps (Fig. 6) for Tenerife Island.
There is a strong demarcation between areas with high and low seismic attenuation for both Q i −1 and Q s −1 , with the central part of the island apparently dominated by bodies of low attenuation, while surrounding regions are characterized by areas with highattenuation properties. t obtained using the so-called 'midpoint maps' described in Section 4; Q value is assigned to the geometrical midpoint between source and receiver. 
New 2-D probabilistic maps
In this section we show the results derived from the application of the representation technique described earlier. The advantage of this new technique is that different resolution and robustness tests can be applied to determine the range and areas of best resolution.
Resolution and robustness tests
To check the resolution of the method utilized, we performed a checkerboard test, which allows us to identify the areas with resolution sufficient to consider the results significant. The test was performed using different grid sizes, from 10 × 10 km to 5 × 5 km. We assigned a value of b and d (eq. 2) for each cell, then for the i-th source-receiver pair we calculated the average of parameters b and d (b i and d i ) weighting with a Gaussian function as described in Section 4.2. The theoretical envelope is then calculated using b i and d i , and finally, random noise is added. These synthetic envelopes are fitted to the theoretical curves to obtain the checkerboard image (results shown in Fig. 7) . Since displaying the image with grid sizes of 5 × 5 km for the whole region would produce an unclear plot, we apply the checkerboard test in Figs 7(a) and (c) to a larger grid cell size (10 × 10 km), and in Figs 7(b) and (d) we zoom for a smaller grid size (5 × 5 km). As seen, there is good resolution for the entire island. Three external regions show a lack of resolution: the SW and SE extremes, and the NE border. This is taken into account when plotting and interpreting our results.
To test the robustness of the data we applied a jackknife test, entailing of random removal of a percentage of data and stations. Fig. 8 shows the images with 100, 80 and 60 per cent of the data. The pattern of the attenuation characteristics does not significantly change up to a removal of 40 per cent of the data.
Regional attenuation distribution
The space distribution of the attenuation parameters is displayed in Figs 9-11 , respectively, showing intrinsic, scattering and total inverse Q patterns. Colour plots are drawn after a smoothing carried out with a squared mobile window of 5 × 5 km, and sliding of 0.5 km in both N-S and E-W directions. In Fig. 12 , we plot the residuals calculated after subtracting the space total averages.
The following common patterns are evident in the images:
(1) Q is strongly dependent on the frequency. (2) There is an irregular space pattern of distribution of Q values, with very strong contrasts in attenuation. 
D I S C U S S I O N
We observe a frequency dependence of both Q i −1 and Q s −1 (and consequently Q t −1 ). Interestingly, Q −1 i seems to have a smooth change with frequency, whereas Q −1 s is much more irregular. Although our main objective was to arrive at a regional distribution of the attenuation parameters, we also calculated the average Q value for the entire region as a function of frequency. These values are shown in Table 1 , where the value of Q are all very large, implying a strong attenuation in this region with respect to an average carried out in other regions around the world (Sato & Fehler 1998, pp. 109-148) .
The 2-D maps revealed a very heterogeneous attenuation distribution for Tenerife Island, particularly for the frequency of 6 Hz.
Regional distribution of Q
−1 i
The contrast in intrinsic attenuation at 6 Hz (Fig. 9a) is as large as a factor 2. The space distribution of Q −1 i shows a predominating central low attenuation body that matches the position of the LCC volcanic structure. This low-attenuation area is observed in the other frequency bands as well, and coincides with 3-D high-velocity anomalies ), the aeromagnetic model (Blanco-Montenegro et al. 2011 ) of the same region; moreover, a high-velocity body has been found in similar stratovolcanoes such as Mt Etna (Patanè et al. 2006) and Vesuvius (Zollo et al. 2002) , coinciding in the latter case with a low-attenuation body (De Siena et al. 2009 ). The volcanic structure associated with these anomalies corresponds to well-established structural elements suggesting cooled magma, residual of the ancient eruptions.
The areas of higher intrinsic attenuation are located in the external regions of Tenerife Island. This effect is most evident at 6 and 8 Hz frequencies (Figs 9a and b) . There is similar agreement with the velocity tomography, the low-velocity zones being consistent with regions featuring high-attenuation effects. These are the areas having more recent volcanism, including historical eruptions, and a large number of monogenic cones. Therefore, our observations can be easily interpreted in terms of volcanic characteristics of the area; in other words, the areas surrounding the central system dominated by volcanoclastic deposits, geothermal anomalies and structural contrasts, coinciding with areas of high intrinsic attenuation.
The map derived at 12 Hz (Fig. 9c ) reflects largely the same regional contrasts.
Regional distribution of Q −1
s and Q
−1 t
As seen in Figs 10 and 11, the 2-D scattering attenuation values and total Q values further reflect a highly heterogeneous distribution over Tenerife Island. The most noteworthy contrast is at the frequency of 6 Hz, yet for frequencies of 8 and 12 Hz the distributions are roughly similar, pointing to a decrease of the scattering effects at these frequencies. In terms of main volcanological structures, the central body of the island, the LCC, again shows low seismic attenuation effects, coinciding with previous observations for intrinsic attenuation. The structural weaknesses of the outer areas of the island increase the effects of scattering. There is close agreement between these high seismic attenuation areas and the low-velocity regions of the velocity tomography. This fact supports the hypothesis that the outer regions would have the greatest structural heterogeneity and largest number of heterogeneous volcanic systems.
Regional distribution of anomalies of Q −1 i and Q
−1 s
It is a common practice in work with seismic tomography, in velocity or attenuation, to perform anomaly maps rather than maps of absolute values. The aim of this type of representation is to highlight the local differences in the parameter under study. In general the anomaly is defined as the difference between the value of the parameter that is inverted and the values of the initial model, or the average value of this parameter in the whole region. In Fig. 12 we display the anomaly map for Tenerife Island for both intrinsic and scattering Q −1 at the three frequency bands analysed. These maps, calculated using as baseline value the average Q −1 value reported in Table 1 , highlight areas with strong contrast in attenuation. In the case of intrinsic attenuation, the low-attenuation effects observed for the centre of the island are more clearly emphasized. For scattering attenuation, besides the same low-attenuation effect of the centre of the island, the strong scattering attenuation observed for the border of the Tenerife Island is clearly marked. In sum, the There is remarkable similarity between these maps and those obtained for scattering effects due to the dominance of scattering over intrinsic attenuation.
attenuation contrast of the island is very high, as indicated by the distribution of the Q anomaly values.
Comparison with the velocity 3-D structure
Comparison of the 2-D attenuation maps obtained here and the 3-D velocity tomography images (Fig. 1b) of García-Yeguas et al. (2012) shows strong correlation, implying that low-velocity regions are associated with high-attenuation effects (both intrinsic and scattering), whereas high-velocity bodies coincide with low attenuation. This high correlation of results is not an artefact of the method or a trade-off of the numerical methods to estimate attenuation parameters. Indeed, in view of eqs (2) and (5), we derived parameters b and d directly, and they are not associated with velocity. In the next step, Q s maps, the regional differences would appear at the same places.
Therefore, the observed correlation between velocity structure and attenuation effects is directly linked to the physical properties of the medium. As indicated, a compact and ancient central body is associated with a high-velocity structure as well as a somewhat lower attenuation effect. On the contrary, recent structures with several types of volcanoclastic deposits or alterations are associated with low-velocity bodies and higher attenuation effects.
In any case, we must stress that in plotting regional variation of attenuation, and identifying the areas with low-attenuation effects, we encounter high-attenuation regions in absolute values if we compare their Q values with other regions of the world.
Recently, De Barros et al. (2012) conducted a study in the same region using the same data set as we did; however, their study focused on the location of possible heterogeneities responsible for any coherent arrival on the seismograms, using beam-forming analysis, in order to locate magmatic chambers described by other geophysical and petrography studies. They plot two profiles crossing the island north-south and east-west, indicating locations with highly scattered energy. These structures apparently have strong velocity contrasts and a large population of fractures and/or dyke-like structures. These results support the observation that scattering attenuation in Tenerife Island is strongly associated with the heterogeneous structure of the island.
Comparison between 'midpoint maps' and '2-D probabilistic maps'
We stated that the new '2-D probabilistic maps' represent more realistic propagation phenomena, since we assume that scattering processes would be produced in a region around the source and receiver. By introducing a Gaussian probabilistic factor, we can adjust for the strength of the scattering phenomena. This function enables us to define a grid for the region under study, where we can weight the respective contribution of different Q values from each source-receiver pair. This can be viewed as an advantage with respect to 'midpoint maps', because the procedure provides a single Q value in the space for each source-receiver pair, and all results have the same contribution (not weighted). The grid estimation moreover makes it possible to directly introduce any type of resolution test. In this case, we can distinguish the areas where our study achieved better or worse resolution (see Fig. 7 ). Finally, although the 'midpoint maps' seem to have better spatial resolution, this is actually an artefact owing to the procedure used in the contour maps, and they do not take into account any quality indicator to interpret the maps.
C O N C L U S I O N S
This contribution provides a 2-D study of the distribution of intrinsic and scattering attenuation on the volcanic island of Tenerife. We used an asymptotic approximation of the general energy transport theory applied to the data set of an active seismic experiment. Assuming the predominance of S waves and an S-wave velocity (v) of 3.6 km s −1 , we arrived at a transport mean free path of l tr = 3d v ≈ 4 km. This result is two orders of magnitude smaller than values calculated for the Earth's crust (l tr ≈ 100 km). We also calculated a typical absorption length for intrinsic attenuation, l i = v/b. The values obtained, between 10 and 14 km, indicate that the attenuation of the direct S waves in Tenerife Island is caused by scattering rather than by intrinsic attenuation.
The volume and spatial distribution of the data allowed us to obtain a robust and reliable 2-D image that reveals the existence of two regions with clearly different attenuation behaviour on Tenerife Island. The central zone-dominated by stratovolcanoes and caldera systems-evidences the most rigid behaviour and low-attenuation effects, while the external zones have an opposite behaviour and high-attenuation effects. It is not surprising that a system as volcanic as Tenerife Island would contain a main volcanic edifice characterized by relatively low-attenuation bodies. This feature has been documented in other important stratovolcanoes such as Vesuvius (De Siena et al. 2009 ).
The high attenuation observed in the outer zones of Tenerife Island is compatible with its recent historical volcanic activity. In addition, the average attenuation values are remarkably low, meaning that the volcanic system is highly attenuated on the average. If we compare Q (Table 1) , it becomes obvious that the dominant mechanism at all frequencies studied is the scattering attenuation. This process explains the high heterogeneity observed in all volcanic regions, which is confirmed through 3-D high-resolution velocity tomography .
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A P P E N D I X
Following the scheme of Yoshimoto (2000), we simulate the total seismic energy with a number, N, of particles emitted randomly but isotropically at the source position. When a single particle encounters a scatterer, it changes direction (scattering). After a number of collisions, the particle reaches the receiver at a given lapse time from the start. Each value of the coda envelope (as a function of lapse time, t) is the sum of the energies carried out by the particles in this scattering process, altogether arriving at t. In Yoshimoto (2000) the details of this kind of simulation are reported.
The whole volume sampled by the paths followed by all these particles in the scattering process is the volume associated with the estimate of parameters b and d. In this volume the number of path elements in the elementary box limited by x and x + x, y and y + y and z and z + z is denoted as N(x, y, z) . The probability that a path element is inside this volume is thus given by P(x, y, z) = N(x, y, z)/N tot , where N tot is the total number of path elements. We assume for a source at (x s = x 1 , y s = y 1 , z s = 0) and a receiver at (x r = x 2 , y r = y 2 , z r = 0) that the estimate of the values b and d carried out for a single source station pair is given by: . In other words, P(x, y, z) is a Gaussian distribution. This assumption is roughly justified by the simulation of the scattering process using the method of Yoshimoto (2000) for a pair of values b and d reasonably close to the values measured experimentally. We store in a file the number of paths in the elementary boxes, and finally we plot their 2-D normalized histograms corresponding to the quantities ∫ ∞ 0 P (x, y, z) dx, ∫ ∞ 0 P (x, y, z) dy and ∫ ∞ 0 P (x, y, z) dz. Even though the histograms show a double-peaked pattern (peaks around the source and receiver), the overall pattern can be roughly, but reasonably approximated by a Gaussian function. In a first approximation we thus assume a Gaussian shape for the function P.
The foci of this Gaussian function are in the positions of epicentre and receiver. The semi-major axis is given by eq. (11). As in this study the maximum lapse time was taken at 20 s from origin, using as the estimate of the average S-wave velocity the value of 3.6 km s −1 , the semi-major axis value would be 36 km. In eq. (A2) we have assumed that σ x = e max /2 and σ y = e min /2. However, it is possible to change the dimensions of the Gaussian function, giving different values to the σ coefficients (see Figs 5b and c). On the basis of different numerical simulations, we observed that the best compromise between the resolution of the results on the one hand, and the dimensions of the regions analysed on the other, is to assume the following values: σ x = e max /3 and σ y = e min /3.
